It is important to know whether recovery of the vestibuloocular reflex (VOR) as measured by the video head impulse test (vHIT) is associated with the recovery of dynamic balance. It is also critical to know how much change in VOR gain is clinically relevant for establishing the recovery of dynamic balance.
T he head impulse test, first described by Halmagyi and Curthoys 1 in 1988, is a critical and accessible bedside vestibular test of the high-frequency vestibuloocular reflex (VOR). In the past decade, the development of the video head impulse test (vHIT) has provided quantitative data of the VOR. 2 When applied in the emergency department, the vHIT is valuable for helping differentiate stroke from vestibular neuritis. 3 When applied in the neuro-otology clinic, the vHIT can accurately measure the severity of unilateral or bilateral vestibular hypofunction. 2 When applied in the vestibular rehabilitation clinic, the vHIT can examine recovery of the gain of the VOR (eye velocity/head velocity) as well as adaptation of the compensatory saccade latency and frequency. [4] [5] [6] [7] [8] Although VOR gain is useful to measure, its functional relevance is gaze instability, which is less common than the report of postural and gait instability in patients with vestibular hypofunction. 9 Monitoring the improvement of postural balance and gait is critical and directly associated with the patients' quality of life and fall risk. Whether recovery of the VOR gain is associated with the recovery of balance is unknown, as is how much change in VOR gain is clinically relevant for establishing recovery of balance function.
Common clinical tests for assessing postural balance in patients with vestibular hypofunction include the modified clinical tests of sensory interaction and balance, 10,11 computerized dynamic posturography, 12 and the dynamic gait index (DGI). 13 Although the modified clinical test of sensory interaction and balance and posturography are used for evaluating static balance function, the DGI estimates fall risk on the basis of tasks related to dynamic balance. When applied in vestibular disorders, the DGI is a useful indicator of fall risk with moderate interrater reliability, incorporates head-body movements into the gait assessment (ie, yaw/pitch head rotation, whole-body rotation), and documents the functional recovery of dynamic balance. 13 The purpose of this study was to investigate the association between improved VOR gain (as measured by the vHIT) and improved dynamic balance (as measured by the DGI) in patients who underwent vestibular physical therapy. Furthermore, we calculated the minimal clinically important difference (MCID) of VOR gain using the anchor-based method. 14 We also report the optimal sensitivity and specificity.
Methods
We collected data using retrospective medical record review. Data were from consecutive patients with subacute or chronic dizziness from January 1, 2014, through May 31, 2017, who visited the vestibular physical therapy clinic of the tertiary referral center at Johns Hopkins University School of Medicine and were prescribed a home exercise program of vestibular physical therapy. 6 This study was approved by the institutional review board of the Johns Hopkins University, which waived the need for informed consent for the medical record review. All patients underwent a structured examination. Clinical oculomotor examination included tests of spontaneous and gaze-evoked nystagmus, cover test for skew deviation, smooth pursuit, saccade, slow head rotation, and VOR suppression test. Video infrared testing included spontaneous nystagmus, Valsalva maneuver (pinched nose and closed glottis), head shaking nystagmus test, skull-vibration nystagmus test, DixHallpike test, and the supine-roll test. In addition, the vHIT, the modified clinical test of sensory interaction and balance, and DGI were performed.
Only patients assessed with the vHIT and DGI before and after vestibular physical therapy were included in this study. According to the patient histories, the clinical oculomotor and vestibular examination results, and the laboratory vestibular function test results (video-oculography, caloric test, and vestibular evoked myogenic potentials), we identified the diagnoses of all included patients and classified their functional diagnoses as (1) unilateral vestibular hypofunction (UVH), (2) bilateral vestibular hypofunction (BVH), and (3) other dizziness.
The vHIT data were collected using a commercial device that records the head and right eye velocity at a frame rate of 250 Hz (GN Otometrics). We used the term lesioned VOR gain to represent the patients' VOR function and defined the lesioned VOR gain as such: 1. For UVH, the lesioned VOR gain was the ipsilesional horizontal semicircular canal or, in the case of unilateral superior canal dehiscence, the ipsilesional superior semicircular canal. 2. For BVH, the lesioned VOR gain was the mean VOR gain of both horizontal semicircular canals, except bilateral superior canal dehiscence in which the lesioned VOR gain was the mean VOR gain of both superior semicircular canals. 3. For other dizziness (eg, vestibular migraine), the lesioned VOR gain was the mean VOR gain of both horizontal canals. For analysis of the improvement in VOR gain and DGI after vestibular physical therapy, we defined ΔVOR as the difference in lesioned VOR gain after and before vestibular physical therapy and ΔDGI as the difference in DGI score after and before vestibular physical therapy. Positive values indicated improvement, and zero or negative values indicated no improvement. Existing studies 15, 16 suggest that a change of at least 4 points of the DGI score is considered to be clinically significant.
Key Points
Questions Is the video head impulse test associated with a reduction of fall risk?
Findings This case series study of 38 patients with subacute or chronic dizziness found that the change in the vestibuloocular reflex gain measured by the video head impulse test was associated with a change in fall risk as evaluated by the dynamic gait index, a test of dynamic balance. Improvement of vestibuloocular reflex gain was associated with a reduction of fall risk, whereas the opposite was not true.
Meaning
The video head impulse test may be useful in the follow-up of patients for direct measurement of gaze stability and its association with fall risk and dynamic balance. For the MCID of VOR gain, we used the anchor-based method, which requires a moderate correlation (r>0.30) between the anchor and the outcome changes. 17 Based on the correlation between ΔVOR and ΔDGI, we selected 2 dichotomies for the ΔDGI. The first dichotomy was to define a ΔDGI of at least 1 as balance improved and a ΔDGI of 0 or less as balance not improved; the second was to define ΔDGI of at least 4 as balance significantly improved and ΔDGI of 3 or less as balance not significantly improved. Next, we plotted the receiver operating characteristic (ROC) curve for calculating the MCID of VOR gain and its sensitivity and specificity for estimating improvement and significant improvement of balance. The MCID chosen was defined as the optimum cutoff point of the ROC curve selected using the Youden index. [14] years) were included in this study ( Table 1) . Eighteen patients were diagnosed with UVH, 11 patients were diagnosed with BVH, and 9 patients were classified as having other dizziness. The UVH group included 4 patients with vestibular neuritis, 2 with labyrinthitis (acute unilateral vestibular loss comorbid with hearing loss), 5 with acoustic neuroma (3 of which were seen postoperatively), 4 with Meniere disease (3 of which were seen after intratympanic gentamicin injection), 2 with postoperative superior canal dehiscence, and 1 with vestibular hypofunction with temporal arteritis. The BVH group included 2 patients with ototoxic effects of gentamicin, 1 with bilateral cholesteatoma requiring surgical excision, 1 with bilateral superior canal dehiscence with surgery, and 7 with idiopathic bilateral vestibulopathy. The group of patients with other dizziness included 6 with vestibular migraine based on International Classification of Vestibular Disorders criteria, 18 2 with persistent postural-perceptual dizziness, 19 and 1 without a clear cause.
Statistical Analysis
For the UVH group, the mean (SD) lesioned VOR gain at the initial visit was 0. Overall, the initial mean (SD) lesioned VOR gain for all patients was 0.66 (0.23). The initial mean DGI score for all patients was 16 (3) (UVH group, 17 [2] ; BVH group, 15 [4] ; other dizziness group, 17 [2] ). No correlation occurred between the initial VOR gain and initial DGI score (r = −0.04; 95% CI, −0.35 to 0.28) ( Figure 1A ).
All 38 patients underwent home vestibular physical therapy. The mean (range) follow-up time was 215 days (14-897 days). Moderate correlation occurred between ΔDGI and ΔVOR (r = 0.49; 95% CI, 0.20-0.69) ( Figure 1B) . In the 15 patients with improvement in VOR gain, 14 (93% sensitivity; 95% CI, 70%-99%) also improved in DGI as well (4 of 15 [27%] with ΔDGI≥4). On the other hand, in the 23 patients without improvement in VOR, 16 (70%) still showed an improved DGI (3 of 23 [13%] with ΔDGI≥4), whereas 7 (30% specificity; 95% CI, 16%-51%) did not ( Table 2) .
Intragroup subanalysis to examine the correlation across the functional diagnoses revealed the ΔVOR and ΔDGI were moderately correlated in the UVH group (r = 0.57; 95% CI, 0.13 to 0.81), highly correlated in the BVH group (r = 0.71; 95% CI, 0.19 to 0.91), and not correlated in the other dizziness group (r = 0.41; 95% CI, −0.33 to 0.83) (Figure 2 ). When the 3 patients with superior canal dehiscence surgery were excluded, change of VOR gain was still moderately correlated with change of DGI (r = 0.48; 95% CI, 0.17 to 0.70).
Because the correlation between ΔDGI and ΔVOR exceeded the threshold of r = 0.30, the anchored DGI was eligible to estimate an MCID of VOR gain. Figure 3A shows the ROC curve for detecting improvement of DGI (ΔDGI≥1). The area under the curve was 0.83. The MCID of VOR gain (ie, the optimum cutoff point of the ROC curve) was −0.06. This negative MCID value means that after completion of vestibular physical therapy, a decrement of VOR gain by less than 0.06 is associated with an improvement of DGI score. Under this optimum cutoff point, the sensitivity for detecting DGI improvement was 86.7% (95% CI, 70.3%-94.7%), and the specificity was 75.0% (95% CI, 40.9%-92.9%). In addition, Figure 3B il- lustrates the ROC curve for detecting significant improvement of DGI (ΔDGI, ≥4). The area under the curve was 0.74, MCID was −0.02, and sensitivity and specificity were 100% (95% CI, 64.6%-100%) and 51.6% (95% CI, 34.8%-68.0%), respectively.
Discussion
Our study revealed that the recovery of the high-frequency VOR in the vHIT was moderately associated with the recovery of dynamic balance and reduction of fall risk. The study further demonstrated 2 important phenomena. First, with time and after participating in vestibular physical therapy, 15 of 38 patients (39%) showed an improved high-frequency VOR gain, but 30 of 38 (79%) showed improved dynamic balance. Second, an improved VOR gain as determined by vHIT was associated with an improved DGI, but the opposite was not true (ie, a lack of improved Data are presented as the correlation between the improvement in lesioned vestibuloocular reflex (VOR) gain and the improvement in the dynamic gait index (DGI) score, with improvement measured as the difference between measurements after and before vestibular physical therapy (ΔVOR and ΔDGI). Patients are stratified by diagnosis of unilateral vestibular hypofunction (UVH) (n = 18), bilateral vestibular hypofunction (BVH) (n = 11), and other dizziness (n = 9). A, ΔVOR was moderately correlated with ΔDGI in the UVH group. B, ΔVOR was highly correlated with ΔDGI in the BVH group. C, ΔVOR was not significantly correlated with ΔDGI in the other dizziness group. Circles indicate individual data points; horizontal line, linear regression.
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Association of Video Head Impulse Test With Improvement of Dynamic Balance and Fall Risk vHIT does not mean that the DGI will not improve). These results imply that for some patients, recovery of vestibular function concurrently leads to recovery of high-frequency VOR and balance function, either through restoration of peripheral vestibular function or through vestibular adaptation. However, regardless of whether the high-frequency VOR recovered, dynamic balance recovered, which may reflect the contribution of other compensatory pathways, such as the substitution by somatosensory and visual systems.
20,21
To our knowledge, this study is the first to investigate the association between vHIT and dynamic balance. Prior studies have correlated vHIT-determined VOR gain with the searchcoil head impulse test, the caloric test, the dizziness handicap inventory, and the vestibular evoked myogenic potential.
2,22-25 These studies revealed high correlations between vHIT and the search-coil measured head impulse test 2 but poor correlation with the caloric test or the dizziness handicap inventory. [22] [23] [24] In addition, vHIT was significantly correlated with ocular vestibular evoked myogenic potential in vestibular neuritis but not with vertigo of central origin or unspecified dizziness. 25 In our study, the initial VOR gain of vHIT was poorly correlated with the initial DGI score. This result is not surprising, given that multiple sensory systems are involved in maintaining dynamic balance and that peripheral vestibular function is only one of the contributing afferent inputs. Thus, the DGI does not isolate the relative peripheral vestibular contribution. Instead, it represents a more gross function of balance and fall risk after vestibular loss, which is closely linked to quality of life. However, the change of VOR gain in vHIT (as captured at the follow-up visit) was associated with the change of DGI. These data suggest that the recovery of vestibular function is associated with improvement of dynamic balance and the degree of improvement can be quantified with DGI.
In patients with surgical vestibular deafferentation, VOR gain and asymmetry during lower-velocity rotary chair testing usually improve over time. 26, 27 Whether the highfrequency VOR can be similarly improved is a matter for debate. 21, 22 However, more recent studies using a specific VOR adaptation protocol (incremental velocity error signal) 28 have
shown that the high-frequency VOR gain (measured using head impulses) can improve after training. 8 Furthermore, a study in monkeys with unilateral labyrinthectomy showed an increase in the high-frequency VOR gain and reduced gain asymmetry after a training paradigm that involved ipsilesionalonly rotation. 29 Together, these data in humans 8, 28 and monkeys 29 reveal that the high-frequency VOR gain after vestibular loss is modifiable and dependent on the unique training methods. Our study demonstrated that 14 of 15 patients with vHIT recovery (93%) had improved DGI scores. The vHIT thus appears to be associated with dynamic balance as measured by the DGI. This finding may be a direct function of the DGI, including items that involve vestibular stimuli of higherfrequency content, such as horizontal and vertical head turns and whole-body rotation. Of interest, among the patients without vHIT recovery, most (16 of 23 [70%]) still showed an improved DGI score. This improvement implies that other processes contribute to the compensation, although the highfrequency VOR does not recover. For example, after a unilateral vestibular assault, the asymmetry between resting firing rates of the second-order vestibular neurons continues to improve via commissural inhibitory pathways and the cerebellar flocculus. 30, 31 In addition, sensory substitution (visual and/or somatosensory systems) are known to aid in the recovery of postural balance. 20, 21 Our intragroup analysis appears to confirm these substitutional strategies, given that 10 of 11 patients in the UVH group with no VOR gain improvement (91%) still had an improved DGI score, whereas only 2 of 6 patients in the BVH group with no VOR gain improvement (33%) had DGI improvement. Although most of the patients in the UVH group (94%) had improved DGI at follow-up visits, their degrees of DGI improvement were positively associated with the changes of VOR gain. This association implies that although other compensatory pathways are assisting the improved balance, the high-frequency VOR still plays an important role in maintaining balance. The MCID is the smallest change of interest that represents a clinically relevant difference. 32 It is useful for clinicians to interpret the clinical meaning of changes for individual patients. Herein, we calculated 2 MCID values of VOR gain by using ROC analysis based on 2 definitions of DGI improvement (ΔDGI≥1 and ΔDGI≥4). Our data suggest that a VOR gain change of −0.06 is considered to be clinically significant. Our MCIDs of VOR gain were slightly negative, owing to our finding that 70% of patients did not have recovery of their VOR gain although they had recovery of their balance. This finding is interpreted as meaning that a decrement of VOR gain by less than 0.06 is associated with a clinical improvement in dynamic balance (as assessed by the DGI). In addition, the area under the ROC curve was greater when we used ΔDGI of at least 1 compared with using ΔDGI of at least 4, implying that use of ΔDGI of at least 1 is a better anchor for estimating the change of VOR gain. Although studies suggest that a change of at least 4 points in the DGI score is clinically significant, 15, 16 twothirds of our patient population had initial DGI scores greater than 17 and therefore would reach normal DGI scores with less than 4 points of change. Our data suggest that the milder improvement of DGI (ΔDGI of 1-3) is still relevant when associated with improvement of VOR gain. Moreover, when we used DGI change to estimate the patients' subjective improvement of dizziness (eTable 1 in the Supplement), ΔDGI of at least 1 was a better cutoff point than ΔDGI of at least 4 based on an improved summary statistic (Youden index is found in eTable 2 and eFigure in the Supplement).
Limitations
Our study has a few limitations. First, we performed a retrospective study with a limited sample size. The smaller sample size results in relative imprecision of estimates owing to wider 95% CIs. Second, the examiner was not blinded to the diagnoses and the previous test results. An unblinded rater may score the DGI lower before therapy and higher after therapy. Third, the time for patients to return for follow-up was long, in part owing to the study population being from a single clinic. Finally, we used a broad diagnosis of patients for determining the MCID. Although our clinical population is an accurate representation of patients seen in tertiary medical centers, a study of MCID in a single patient population may reveal different values. For example, if MCID were examined in vestibular neuritis, a negative value would be unlikely.
Conclusions
In our study, the change of VOR gain in vHIT was moderately associated with change of DGI score. Because the DGI is a reliable measure for assessing balance and fall risk, this result suggests that vHIT may be worth using in follow-up of patients, not only for measurement of gaze stability but also for its association with dynamic balance and fall risk. As a practical matter, if a patient presents with improved VOR gain at a follow-up visit, this patient has a high probability of also having improved balance and reduced fall risk (93% in our study). However, the same rule cannot be applied to the patients with unchanged VOR gains, because some of them may still have balance improvement through other compensatory pathways. Finally, using the anchor-based method with the DGI, we establish that the MCID of VOR gain is −0.06. The best cutoff points for ∆VOR and ∆DGI to predict improvement of dizziness are -0.01 and 2 and respectively. It is noted that ∆DGI ≥1 is a better cut-off point than ∆DGI ≥4 in predicting subjective dizziness improvement.
